Purpose. To determine the influence of retinal illuminance on monocular or binocular visual reaction time (VRT).
Introduction
Binocular summation is a means of expressing a superior binocular performance compared to monocular in visual tasks such as detection, discrimination or shape resolution. The summation phenomenon is characterized by its selectivity, since its effectiveness depends on many factors, notably retinal correspondence of the stimuli presented, temporal synchrony of these stimuli and even the type of visual task involved. [1] [2] This dependency makes it possible to use binocular summation as an sensitivity index which can reveal key information on mechanisms of binocular vision.
One of the possibilities that binocular summation raises is the study of the near-response mechanisms involved in accommodation, convergence and pupillary variations. Such research is important because these mechanisms bear directly on the process of binocular vision. It is known that convergence variations generated by decentration of spectacle lenses, could affect stereopsis under certain experimental conditions, 3 and thus it would be expected that near-response mechanisms could affect other binocular aspects. The functions involved in these mechanisms are closely interrelated, as both are mediated by the third cranial nerve. The nucleus of this nerve, located in the midbrain, has cortical projections to occipito-parietal areas. [4] [5] [6] Pupils react by contracting in response to light and near viewing, and by dilating in response to darkness and far viewing. 4, [7] [8] [9] Moreover, pupil size is smaller in binocular than in monocular vision. 7, 8, 10 A variety of visual stimuli can be used to study the binocularsummation paradigm with natural and artificial pupils. However, studies with artificial pupils offer the additional advantage that changes in pupil size are prevented, and consequently the action of the near-response mechanisms are limited.
Binocular summation has been demonstrated in previous studies with natural and artificial pupils. [11] [12] [13] [14] [15] However, only Collier 11 and Campbell & Green 13 have published quantitative comparisons of binocular summation at the visual threshold for both types of pupil. In threshold-contrastdetection experiments, Campbell & Green found a binocular-summation value of 1.440 with artificial pupil and 1.443 with the natural pupil. Collier estimated the probability of responses using as a starting point the probabilitysummation hypothesis, in which the two eyes are considered independently. 1 This author found values of 15.1% with the natural pupil and 16.5% with the artificial pupil.
Several binocular-summation studies suggest that different mechanisms mediate binocular interactions under suprathreshold conditions. 1, 2, [16] [17] [18] [19] At the same time, pupillogram studies, based on changes in pupil diameter over time, also indicate marked differences with respect to threshold conditions. 4, 9, 20 Therefore, the effects of artificial pupils on binocular summation could be relevant. We choose visualreaction time (VRT), as a index to scale binocular summation at suprathreshold levels. 1, 2, 21, 22 Since artificial pupils limit pupil size, retinal illuminance is decreased, so that the binocular and monocular reaction time could be longer. Nevertheless, if binocular summation is affected by cortical pupil mechanisms, summation values would be expected to be similar to those found when the pupil is not involved and luminance is decreased by other procedures. In this sense, light-adapted eyes trigger more transient cone responses, reducing visual latencies, 23 so that VRT would be expected to be mediated by post-receptoral mechanisms under achromatic adaptation stimuli. On the other hand, it is important to have binocular-summation values that are independent of the difficulty of the task involved. For this purpose, a normalized binocular-summation index is compared with the traditional form of estimation. 18, 19, [24] [25] [26] The findings with our experimental approach expand on the results reported to date, as we measured binocular summation for visual-reaction time at different photopic luminance changes with respect to a reference stimulus (light and dark variations), and with natural and artificial pupils.
Materials and methods

Subjects
The subjects were two of the three authors (JM and JR, 27 and 34 years old, respectively), a number similar to that in other studies on binocular summation 13, 14, 17, 19, 26, 27 and VRT. 21, 22, 28, 29 Both had extensive experience in VRT experiments and both had normal corrected vision as well as normal stereopsis according to different types of test (Stereofly tests and stereoscopic test provided by the B-VAT II device, Mentor O&O, Inc., Houston, Texas). Stereoacuity and maximum disparity could be considered normal with respect to values provided by a Wheatstone stereoscope in previous experiments in which both authors also participated. 30, 31 No patient has pre-existing abnormal conditions that might affect contrast sensitivity or pupil size (cataracts, glaucoma, diabetes, corneal or neuro-opthalmic diseases).
The observers wore corrective lenses during natural and artificial pupil tasks.
Apparatus
The stimuli were presented on a CRT-color monitor connected to a microcomputer equipped with an 8-bit graphics card. The monitor was adjusted to a resolution of 1024 points per 768 lines, with a vertical scanning frequency of 74 Hz. Luminance of the stimuli was calibrated periodically with a SpectraScan PR-704 PhotoResearch spectroradiometer. Observers were seated 70 cm from the monitor in a dark room, and the head was stabilized with a chin rest.
Stimuli and procedure
We used 12 stimuli with chromaticity coordinates equal to those of the equal-energy illuminant (x = 0.333, y = 0.333), for which the luminance values were between 3 and 27 cd/m 2 in increments of 2 cd/m 2 . The reference stimulus was an achromatic stimulus of 15 cd/m 2 (uniform circular patch of 1.5°in diameter) with chromaticity coordinates identical to the equal-energy illuminant. This achromatic-adaptation stimulus speeds up the retinal processes, diminishes visual latency, 23 and guarantees the use of photopic luminance levels. The test stimulus had the same spatial characteristics and was presented against a dark background. All stimuli were observed foveally with the natural and artificial pupil under three conditions: right and left monocular (one eye was covered with a black patch) and binocular vision. Pupil size was measured in binocular vision under natural conditions with a standard pupil card (0.5 millimeters accuracy) held horizontally near each eye under scotopic conditions (at the beginning of a normal session). The patients did not wear spectacles during pupil measurements, and measurement values were estimated to the nearest 0.5 mm. No differences were found for each eye, and the arithmetic mean of the distribution (40 measures) was calculated.
In trials with the artificial pupil, ametropia was induced with an adjustable frame. Observers placed their corresponding positive corrective lenses (with the same characteristics that they usually wear) in the frame, and, in front of this, a diaphragm was located, according to the observational conditions (two diaphragms in binocular vision and one in the corresponding monocular condition). A 2-mm aperture was used 32 to limit the size of the pupil and thus retinal illuminance within the luminance range was studied. The interpupillary distance was carefully determined at the test distance of 70 cm, and, when the 2-mm diaphragm was used, fusion was clear and stable, preventing binocular rivalry and diplopia. It is noteworthy that accommodation and convergence are not relevant factors in this study. Stimuli did not change size, and, therefore, far-to-near and near-to-far responses were suppressed, whereupon accommodation and convergence inputs remained constant. Only changes in pupil size are prevented under artificial pupil conditions. In this way, in agreement with previous formulas and experimental data, 9 subjects indicated that natural pupil size diameter behind the diaphragm, was larger in all luminance variations studied.
Visual-reaction-time data were taken independently, first with the natural pupil and then with the artificial pupil. At the beginning of each experimental session, observational conditions (binocular vision, right eye or left eye) were randomly varied and fixed for the duration of that session. Afterwards the subject was allowed 3 min to adapt to darkness and 3 additional min to adapt to the achromatic reference stimulus. At this point, a tone followed by a 7-sec pause signaled the start of a trial. After a random delay (3-7 sec, uniform sampling distribution) to avoid anticipation, the reference stimulus was changed to the test stimulus with the change synchronized with the beginning of the video refresh cycle. The test stimulus that replaced the reference remained on until the subject responded by pressing the button on the mouse connected to the microcomputer to indicate that a stimulus change had been perceived. Immediately following a response, the test stimulus was replaced by the reference stimulus. Observers did not know which stimulus was the next in the sequence, and therefore their task consisted only of responding as soon as possible to a luminance variation. Each test stimulus was randomly presented a total of 8 times during a session. The computer clock was programmed to provide 1 ms timing.
Data analysis
The first four reaction times from each session were excluded from the analyses. In accordance with a "kill the twin" procedure, [33] [34] [35] reactions shorter than 110 ms were discarded as false alarms while those exceeding 1500 ms were also excluded as misses. These cut-off values were similar to those used in other studies of binocular summation for luminance changes 17, 25, 36, 37 and other studies of reaction time. 29, 34, 35, 38 We ran a number of sessions until no fewer than 80 VRTs had been collected for each test stimulus under each experimental condition. The VRT value for each change in stimulus was taken as the arithmetic mean of the distribution recorded for a given stimulus. A separate analysis was made with three-way ANOVA for VRT data in a 2 ¥ 3 ¥ 12 factorial design with pupil type (natural or artificial), viewing modality (binocular, left or right eye) and experimental conditions (12 luminance variations with respect to the reference stimulus) as the main factors. A post hoc analysis (the Scheffé F test) 39 was also used, all with a = 0.05.
Results
Binocular summation for luminance changes
For both subjects (JM and JR), a three-way analysis of variance (ANOVA) showed significant differences in the main factors between the natural and artificial pupil (JM, 17, 22, 25, 36, 37, 40 On the other hand, there were no differences in VTRs between the two eyes for monocular viewing (JM, right eye vs. left eye, p = 0.70; JR, right eye vs. left eye, p = 0.81). Figure 1 presents for both subjects and for each observational condition, the total VRT average on 12 experimental conditions, for natural and artificial pupils. Error bars indicate the 95% confidence interval around each arithmetic mean. Apart from individual differences found on the magnitude of VRT, from this figure, it is concluded that VRTs for natural pupils were shorter than for artificial pupils.
Estimation of binocular-summation ratios
Traditional binocular-summation ratios expressed the binocular advantage as a quotient between average monocular to binocular, using the corresponding measuring magnitude such as contrast threshold, vernier threshold or visual- reaction time. 18, 19, [24] [25] [26] In the present study, this form of expression could not be appropriate because it is assumed that different VRTs could produce equal summation ratios, obviating the difficulty of the task. To avoid these problems, we propose that summation ratios can be better defined for each experimental condition in the natural-and artificialpupil conditions by an expression similar to that used by Distler & Hoffman 41 for binocular summation of the pupillary light reflex, adapted to the present VRT experiments: (1) where VRT R , VRT L , VRT B refer to the mean visual-reaction time for the right eye, the left eye and binocular vision, respectively. Expression (1) is thus a performance parameter per se. In the numerator, subtracting binocular VRT from average monocular VRT makes it possible to scale the gain under each experimental condition, a maneuvre which was not feasible with traditional binocular summation. Moreover, the quotient from dividing this value by the average monocular VRT can be considered a measure of the gain under binocular viewing conditions -that is, Expression (1) is an estimate of the binocular advantage in VTR with respect to monocular VRT under the same experimental conditions. Because this figure is a quotient, it is dimensionless. In contrast with the expression proposed by Miller, 28 it can be used to compare binocular-summation values across different psychophysical tasks such as contrast-threshold detection, VRT and visual acuity. In our case, this versatility allows us to compare normalized summation values for different luminance conditions. Figure 2 shows the arithmetic mean of the 12 summation ratios derived with Expression (1) under each experimental condition and for each subject. Error bars denote ±1 standard error of the mean (±1 SEM). This approach to calculating the overall binocular-summation ratio is similar to that used in other studies. 24, 25, 26 By a comparison of the two estimation methods (traditional vs. Expression (1)), it can be concluded that the overall summation values derived from traditional expression are less conservative (with natural pupil, JM, 7.82%; JR, 11.27%). On the other hand, pupil-size measurements support different individual sensitivities in binocular vision, i.e., JR's natural pupils were found to be more dilated than JM's (JR, 6.5 mm; JM, 5.5 mm; both mean values with an error of 0.8 mm (SD)). From Figure 2 , in both observers, the binocular summation was clearly lower with the artificial pupil, (JM, 7.16% with the natural pupil, 4.32% with the artificial pupil; JR, 9.66% with the natural pupil, 2.78% with the artificial pupil). The difference between the two conditions (JM, 2.84% and JR, 6.88% ) was greater than reported by Collier 11 or Campbell & Green.
Binocular summation as a function of achromatic contrast
The effects of stimulus contrast on binocular summation have been widely examined in multiple psychophysical threshold tasks as well as under suprathreshold conditions. Examples of the types of task investigated thus far are contrast detection, contrast discrimination and VRT. 17, 19, 25, [42] [43] [44] The reduction in binocular summation when artificial pupils were used suggested that it would be worthwhile to study how binocular vs. monocular viewing affected each of the other experimental conditions. We therefore expanded the results shown in Figure 1 , comparing binocular-summation values against achromatic contrast values for both pupil types, and distinguished these values according to their signal polarity (DL > 0 or DL < 0 with respect to the reference stimulus at 15 cd/m 2 ). This enabled us to analyze differences that might have arisen when pupils contracted in response to light (DL > 0) and when dilated in response to darkness (DL < 0). Therefore, we used the classical contrast expression defined as follows: (2) where L MAX and L MIN represent the maximum and the minimum luminance, respectively, for each experimental condition (e.g., for positive luminance variations, the test and reference stimulus, respectively). Across our 12 stimuli, the contrast varied from 6.2% to 28.6% for DL > 0 and from 7.1% to 66.6%, for DL < 0. Figure 3 illustrates the values for each of the two observers and for both pupil types. pupils under suprathreshold conditions. Based on calculations with Expression (1), which allows us to compare normalized summation values obtained under different experimental conditions, Figure 2 clearly shows that binocular summation was reduced when artificial pupils were used (JM, 7.16% with the natural pupil, 4.32% with the artificial pupil; JR, 9.66% with the natural pupil and 2.78% with the artificial pupil), so binocular summation can be influenced by pupil size under suprathreshold conditions. Individual differences in binocular summation ratios are also support by means of pupil-size measurements and VRT values, where a greater pupil size for JR could be associated with a higher binocular-summation ratio under natural conditions. Nevertheless, these individual variations prevent more robust conclusions about the contribution of factors such as retinal illuminance and/or the influence of cortical pupilresponse mechanisms. A preliminary analysis could be made, comparing our results with other binocular-summation studies in which low luminance levels have been treated. In this way, Pardhan found lower binocular-summation ratios for older people with pupil miosis. This decrease in performance could not be attributed to retinal illuminance, when spherical aberrations could cancel this factor. 46 In our case, It could be argued that If cortical pupil mechanisms influence our results when artificial pupils are used, our binocular-summation values for natural pupils would be similar to those found under similar observational conditions, but when luminance is decreased. The works of Minucci & Connors, 40 Gilliand and Haines, 36 and Haines 37 present conditions similar to our experimental configuration (detection of white luminance flashes in the dark, on fovea, without spatial frequency and under natural pupils), but at low intensity levels (three of four intensity levels examined by Minucci . From the VRT tables presented in these works, we estimated binocularsummation ratios according to Expression (1). Binocularsummation values were similar to those presented in Figure  2 under natural pupils (Gilliand and Haines, 12.5%; and Haines, an average of 10.46%). From Minucci & Connors, 40 7 out of 10 observers presented average summation values over the three intensity levels examined between 5.87% and 10.56%. The rest (two of them) present unusually low summation values (SL, 3.28% and BH, 4.31%) and the other, unusually high (JV, 16.19%) . From these works the average binocular-summation values between observers was 8.75%, similar to those of our two observers.
The more reduction found for artificial pupils the more transient receptor responses under achromatic adaptation conditions. 23 Also, the preceding analysis with natural pupils but at low luminance ranges 36, 37, 40 suggests, on average, the influence of cortical pupil mechanisms on binocular summation. Nevertheless, not all binocular-summation values could be influenced by this factor. Despite the individual differences (Fig. 3) , for DL > 0 and high contrast values, both observers presented identical values between natural and
The curves were fitted with cubic polynomial (spline) functions. 45 The most noteworthy aspect of these graphs is that binocular summation shows a variable trend depending on signal polarity. Individual differences in the magnitude of binocular summation were found, especially near-threshold, due to the magnitude of VRT (see Fig. 1 ) and the difficulty of the task (predominantly discrimination as opposed to detection tasks at high suprathreshold conditions). In this sense, Legge 43 for contrast discrimination on low background contrast and Bearse and Freeman, 19 studying orientation discrimination thresholds, reported similar individual variations. Nevertheless, both observers presented maxima in the same contrast range. When the natural pupil was used, two maxima were found for both observers at low contrast values for DL > 0; the first pair of values appeared at 6.25%, and the second at around 21%. When DL was <0, three maxima appeared for both subjects. For JR, two of them were less pronounced, given the high degree of summation seen at low contrast values (see Fig. 3 ). Both observers showed the first maximum at a contrast value of 7.14%, a second at 25%, and a third at a contrast value of 50% (JR) or around 58% (JM).
In general, viewing with the artificial pupil reduced binocular summation, with extreme reductions appearing at low and high contrast values. At high contrast values, both subjects even showed binocular inhibition for DL < 0. Notably, for DL > 0 and contrast values between 20-30%, the binocular-summation values were the same in both observers with the artificial and the natural pupil, indicating that viewing with the artificial pupil did not affect binocular effectiveness under these experimental conditions.
Our binocular-summation results for DL > 0, differ from those of Westendorf & Blake. 17 However, their study was not designed to investigate the same phenomena as the present series of experiments, and there are significant methodological differences between their study and ours. Westendorf and Blake presented grating-contrast increments superimposed on three background grating contrasts (1%, 5% and 25%). Binocular-summation values were averaged between observers, and, for a baseline, these authors used a specific reaction-time model (the independent-parallel-race model), in which each of the two eyes is considered independently. 1, 25 However, the experimental situation in their study, which is most similar to our approach (1% contrast background), shows certain similarities with the bimodal relationships presented here for positive luminance variations (see Fig. 3 ). A similar tendency was found by Bearse & Freeman, 19 using Gaussian gratings on a background field of 66 cd/m 2 . They also found a similar bimodal trend with maximum binocular summation at 8% and 30% contrast for positive luminance changes.
Discussion
The aim of this study was to compare binocular summation for luminance changes detected with natural and artificial artificial pupils, suggesting that the influence of retinal illuminance when an abundance of photons enters the eyes, could prevent pupil-size effects. Similar effects on loss in resolution have been found under conditions of 2-mm artificial pupils, 47 and the reverse situation -photon scarcity (DL < 0) at high contrast values could support this, where both observers present binocular inhibition for artificial pupils. Nevertheless, further work is needed to address the influence of these factors, taking into account the transient and sustained components of the pupil response, 20, 48 VRT 29 and the lower binocular summation values found at suprathreshold isoluminance. 31 The discrepancy between our results on binocular summation at suprathreshold and those reported by Collier 11 and Campbell & Green 13 at the threshold, can be explained by assuming that, at the threshold, these mechanisms present no significant activity, as might occur under suprathreshold conditions. It noteworthy that Dinse and Krüger 49 found in peristriate cortical regions, where eye control is processed, [4] [5] [6] 41 signal-to-noise thresholds higher than near and striate areas. Similarly, in pupillogram studies, when stimuli were just above the threshold, pupil reflexes were weaker, the speed of response was slower, and latency increased in comparison to responses for clearly visible stimuli. 4 In this sense, a correlation could be established between pupil latencies and manual VRT, where the near-threshold magnitudes surpass high suprathreshold conditions, according to Piéron's law. 21, 22 These results suggest that binocular-luminance mechanisms for broad-band stimuli could present neural activity only under suprathreshold conditions, when a high threshold barrier is exceeded.
Conclusion
We found binocular summation for luminance changes with natural and artificial pupils under suprathreshold conditions. The results clearly show that binocular effectiveness was lower when we limited the pupil size with artificial pupils, except for DL > 0, for high contrast values. Our findings reinforce the potential usefulness of the binocular-summation paradigm as an indicator of psychophysical performance in binocular-vision processes.
